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(57) ABSTRACT

For determining positions and orientations of mirrors, the
mirrors are 1illuminated with parallel light rays. A first
camera 1s arranged 1n an 1image plane onto which an objec-
tive 1mages the mirrors. A second camera 1s arranged 1n a
tocal plane of the objective, and a third camera 1s arranged
in an intermediate plane located at distances to both the
image and the focal plane. At a same point 1n time, a first,
a second and a third picture are taken with the first, the
second and the third camera, respectively. The positions and
the orientations of the mirrors are determined from light
spots 1n the first and the second picture, respectively; and
which of the orientations belongs to which of the positions
1s determined by correlating light spots 1n the third picture
with both the light spots 1n the first and 1n the second picture.
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METHOD OF AND APPARATUS FOR
OPTICALLY DETERMINING POSITIONS
AND ORIENTATIONS OF MIRRORS

CROSS REFERENC.

L1l

This present invention claims priority to European Patent
Application EP 14 190 437.5, filed on Oct. 27, 2014, entitled

“Method of and Apparatus for Optically Determining Posi-
tions and Orientations of Mirrors”.

FIELD

The mvention relates to a method of optically determining
positions and orientations of a plurality of mirrors 1n a field
of view of an objective. Further, the invention relates to an
apparatus for optically determining positions and orienta-
tions of a plurality of mirrors according to the method.

BACKGROUND

In a conference talk on “Direct optical vorticity probing”,
147 EBuropean Turbulence Conference, Sep. 1-4, 2013,
Lyon, France, the mventors disclosed micro spheres of 70
um diameter on average as particles for seeding a fluid tlow
to trace the motion of the fluid flow 1n two translational and
three rotational directions. The micro spheres are 1llumi-
nated by a collimated laser. The reflections from the mirrors
within the micro spheres are registered by two cameras. The
first camera tracks the translational motions of the mirrors.
The second camera arranged in the focal plane of an
objective registers the directions of the reflections from the
mirrors independent from their positions. Thus, the mirror
normal directions can be obtained from positions of light
spots on the second camera. If the second camera 1s cali-
brated, a one-to-one mapping between pixel positions and
mirror orientations can be obtained. The calibration 1s done
using an array ol mirrors whose orientations are known.
When more than three successive normal directions of one
mirror are known, a rotation rate of the mirror may be
deduced.

The position of a small object 1n a field of view of an
objective can be determined from the position of a light spot
on a camera arranged 1n an 1mage plane onto which the
object 1s 1imaged by the objective. With only one objective
and one camera, the position of the object can only be
determined in the two spatial dimensions orthogonal to the
optical axis of the objective. A further camera arranged 1n a
turther 1mage plane onto which the object 1s 1imaged by a
turther objective whose optical axis points to the field of
view 1n another direction than the optical axis of the first
objective, 1.e. a stereographic camera arrangement, allows
for determining the position of the object 1n all three spatial
dimensions.

It 1s known to provide an objective having a large aperture
by means of a concave mirror arranged close to the field of
view ol the objective.

There still 1s a need of a method of and an apparatus for
optically determining positions and orientations of mirrors
in which the orientations of a plurality of mirrors 1n a field
of view of an objective determined by means of a camera
arranged 1n the focal plane of the objective can be assigned
to the positions of these mirrors determined with another
camera arranged 1n an 1image plane onto which the objective
images the field of view, so that a plurality of images taken
with both cameras, for example, allows {for spatially
resolved determining the vorticity of a fluid flow within or
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through the field of view seeded with the mirrors or defor-
mations of a surface to which the mirrors are attached, or

inside a transparent body in which the mirrors are embed-
ded.

SUMMARY

The present invention relates to a method of optically
determining positions and orientations of a plurality of
mirrors 1 a field of view of an objective. The method
comprises 1lluminating the field of view with parallel light
rays; and arranging a first camera 1n an 1mage plane onto
which the objective images the field of view. The method
turther comprises arranging a second camera 1n a focal plane
of the objective; and taking a first picture with the first
camera and a second picture with the second camera at a
same point 1 time. Additionally, the method comprises
arranging a third camera 1n an itermediate plane located at
distances to both the 1image plane and the focal plane of the
objective; and taking a third picture with the third camera at
the same point 1n time as the first and second pictures are
taken with the first and second cameras

Further, the present invention relates to an apparatus for
optically determining positions and orientations of a plural-
ity ol mirrors according to the method of the invention. The
apparatus comprises an objective having a field of view; a
first camera arranged in an 1mage plane onto which the
objective images the field of view; a second camera arranged
in a focal plane of the objective; and a third camera arranged
in an termediate plane located at distances to both the
image plane and the focal plane of the objective.

Other features and advantages of the present mvention
will become apparent to one with skill in the art upon
examination of the following drawings and the detailed
description. It 1s intended that all such additional features
and advantages be included herein within the scope of the
present 1nvention, as defined by the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention can be better understood with reference to
the following drawings. The components 1n the drawings are
not necessarily to scale, emphasis instead being placed upon
clearly illustrating the principles of the present invention. In
the drawings, like reference numerals designate correspond-
ing parts throughout the several views.

FIG. 1 shows a first embodiment of the apparatus accord-
ing to the present invention for optically determining 2D-po-
sitions and orientations of a plurality of mirrors 1n a field of
view ol an objective.

FIG. 2 shows another embodiment of an apparatus
according to the present invention for determining 3D-po-
sitions and orientations of a plurality of mirrors 1n a field of
view of an objective; and

FIG. 3 shows a further embodiment of an apparatus
according to the present invention for determining 2D-po-
sitions and orientations of a plurality of mirrors 1n a field of
view ol an objective integrated in an experimental setup of
a Taylor Couette device.

DETAILED DESCRIPTION

In a method of optically determining positions and ori-
entations of a plurality of mirrors 1n a field of view of an
objective according to the present invention, the field of
view 1s 1lluminated with parallel light rays. A first camera 1s
arranged 1n an 1mage plane onto which the objective images
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the field of view. A second camera 1s arranged 1n a focal
plane of the objective; and a third camera 1s arranged 1n an
intermediate plane located at a distance to both the image
plane and the focal plane of the objective. At a same point
in time, a {irst picture 1s taken with the first camera, a second
picture 1s taken with the second camera, and a third picture
1s taken with the third camera. The light intensity distribu-
tion of the picture taken with the first camera essentially or
even completely depends on the positions of the mirrors 1n
the field of view reflecting the parallel light rays onto the
camera. The light mtensity distribution of the image taken
with the second camera essentially or even completely
depends on the direction of the parallel or almost-no-
divergence light rays retlected by the mirrors, 1.e. of the
orientations of the mirrors 1n the field of view. Thus, the first
picture and the second picture taken with the first and second
cameras do not allow for determining from which position
of the field of view the light rays have been reflected 1n a
certain direction registered with the second camera. Conse-
quently, any vorticity determined from a plurality of subse-
quently taken second pictures cannot yet be allocated to a
position within the field of view. Similarly, changes in
orientation of surface segments of a deformed surface or of
volume elements of a deformed body in the field of view can
not be associated with the positions of the surface or volume
clements.

In the method of the present invention, the third camera
which 1s arranged in the intermediate plane located at
distances to both the 1image plane and the focal plane of the
objective takes a third picture whose light intensity distri-
bution 1s a function of both the position and the orientation
of the mirrors 1n the field of view. Thus, the third picture
taken at the same time as the first and second pictures taken
with the first and second cameras may be correlated to both
the first and the second pictures. This particularly means that
a light spot due to light rays reflected from one mirror 1n the
field of view 1n the third picture may be both correlated to
a light spot 1n the first picture indicating the position of the
mirror in the field of view and to a light spot 1n the second
picture indicating the orientation of the mirror in the field of
view. As a result, the light spot 1n the third picture connects
cach mdividual light spot 1n the first picture to an individual
light spot 1n the second pictures, and thus the position and
the orientation of each mirror 1n the field of view. Particu-
larly, each light spot 1n the third picture 1s usually located at
an intermediate position between the positions of the light
spots 1n the first and second pictures belonging to the same
mirror in the field of view.

The plurality of mirrors in the field of view of the
objective may particularly be mirrors tracing the motion of
a fluid tflow within or passing through the field of view. The
changing positions of the mirrors will then indicate the
motion of the fluid flow 1n translational directions, and the
changing orientations of the mirrors will indicate the motion
of the fluid flow 1n rotational directions, which characterize
its vorticity.

The plurality of mirrors in the field of view of the
objective may also be mirrors tracing deformations of a
surface or inside a transparent body.

The term “mirror” as used 1n this description includes any
essentially flat object reflecting incident light rays in a
defined direction depending on the orientation of the essen-
tially flat object. This definition, besides ordinary mirrors,
also encompasses gratings, for example.

If, under certain circumstances, 1t proves to be dithcult to
correlate the positions of the light spots 1n the third picture
to both the positions of the light spots 1n the first and second
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pictures, a further camera may be arranged in a further
intermediate plane located at other distances to both the
image plane and the focal plane of the objective, and the
third camera and the further camera may be arranged at
about equivalent distances with regard to each other and
with regard to the first and second cameras along the optical
axis of the objective. Then, the shifts between the light spots
belonging to a same mirror in each pair of pictures taken
with two cameras following each other along the optical axis
of the objective will be smaller, and thus the individual light
spots 1n the different pictures may more easily be correlated
to each other. In a similar way, an even further camera may
be arranged and used according to the present invention.

As already indicated above, the method according to the
present invention will include that the positions of the
mirrors in the field of view are determined from positions of
the light spots in the first picture whereas the orientations of
the mirrors 1n the field of view are determined from positions
of the light spots 1 the second picture. Which of the
orientations belongs to which of the positions of the mirrors
in the field of view 1s additionally determined by correlating
positions of light spots in the third picture with both the light
spots 1n the first picture and the light spots 1n the second
picture.

That the first, second and third pictures are taken at the
same point 1 time does not necessarily mean that these
pictures are taken simultaneously. Their exposure times do
not even need to overlap. In fact, it 1s suthicient for fulfilling
the feature that the pictures are taken at the same point in
time that the positions and orientations of the mirrors 1n the
field of view remain essentially the same when the various
pictures are taken. If, however, the mirrors 1n the field of
view move, 1.€. change their positions and/or orientations,
the first, second and third pictures should be essentially
taken simultaneously so that they depict the mirrors in
essentially 1dentical positions and with essentially 1dentical
orientations.

If the mirrors are moving in or through the field of view,
the method of the present invention may include that the
first, second and third pictures are repeatedly taken at
subsequent points 1n time, and that changes in position and
orientation of individual mirrors 1n the field of view are
tracked. This tracking will include correlating light spots in
the first and/or second and/or third pictures taken at the
subsequent points 1n time.

The method of the present invention may be particularly
used to determine the positions and orientations of mirrors
which are tracing the motion of a fluid tflow within or passing
through the field of view. These mirrors may be embedded
or mtegrated in particles, and the fluid flow may be seeded
with the particles for tracing the motion of the fluid tlow. IT
the particles are spheres having a diameter in a range from
10 to 1000 um, preferably in a range of 20 to 70 um, they
will follow a fluid tlow when the fluid 1s a liquid, even 11 the
liquid has a low wviscosity. Given that the densities of the
particles and the 11qu1d can be adjusted to be the same or to
be different, the mirrors can demonstrate fluid dynamics or
particle dynamics under the influence of the liquid. Particles
at the lower end of these diameter ranges may even be used
to seed a gas tlow for tracing 1ts motion. Due to the small
s1ze ol the mirrors, the light spots due to reflected light rays
in the first and third picture will only be small despite the
fact that the reflected parallel light beams will neither be
focused onto the image plane nor the intermediate plane but
only in the focal plane of the objective. However, the light
spots 1n the first and third picture simply represent the size
of the mirrors, and the method of the present mnvention 1s
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working even with larger mirrors as long as the mirrors are
not essentially overlapping 1n the field of view of the
objective, and as long as the light spots 1n the third picture
may be unambiguously correlated to both the light spots 1n
the first and second pictures. With small mirrors, the number
of mirrors 1n the field of view may be quite high, 1.e. some
tens.

The method of the present invention may be particularly
used to determine the positions and orientations of mirrors
which are attached to a surface or embedded in a transparent,
1.¢. 1n an optically accessible body, and to track deformations
of the surface or the body in the field of view.

Using one objective and first, second and third cameras
arranged perpendicular to and along the optical axis of this
objective 1s only suflicient for determiming the spatial posi-
tions of the mirrors in the two translational directions
perpendicular to the optical axis, even though the mirrors are
distributed 1n three-dimensional space. If, however, all the
three components of the spatial positions of the mirrors are
required, a further objective and a fourth camera arranged in
an 1mage plane of the further objective, 1.e. 1n a plane onto
which the further objective images the field of view, 1s
needed to provide a stereographic camera setup by which the
positions of the mirrors can be determined 1n all three spatial
dimensions. Simply providing a further objective and a
fourth camera in the 1mage plane of the further objective,
however, 1s not suflicient in the method of the present
invention to resolve the positions of the mirrors 1n the field
of view 1n all three spatial dimensions. This 1s due to the fact
that the field of view 1s illuminated by parallel light rays, and
that, 11 the parallel light rays reflected by some mirrors are
collected by the objective in whose focal plane the third
camera 1s arranged, they will not reach the further objective.
Consequently, the first camera and the fourth camera will
never both register parallel light rays reflected by the same
mirrors as these light rays are reflected 1n one direction only.
Thus, a stereographic camera arrangement according to the
present invention also involves illuminating the field of view
with further parallel light rays, the further parallel light rays
coming out of another direction than the parallel light rays
whose retlections are collected with the objective. Addition-
ally, the further parallel light rays have to be distinguishable
from the parallel light rays. This allows to block the retlected
turther parallel light rays from the first, second and third
cameras, and to block the reflected light rays from the fourth
camera. A fourth picture taken with the fourth camera at the
same point 1 time as the first, second and third pictures are
taken with the first, second and third cameras thus only
includes light spots due to retlected further parallel light
rays. Preferably, solid angles between the parallel light rays
and the optical axis of the objective, on the one hand, and
between the turther parallel light rays and the optical axis of
the further objective, on the other hand, are adjusted in an
appropriate way and 1f both objectives have the same
cllective aperture, the first and fourth pictures taken with the
first and fourth cameras will essentially depict light spots
due to light rays and further light rays retlected by the same
mirrors 1n the field of view. The second and third pictures
taken with the second and third cameras will always depict
the light rays reflected by the same mirrors 1n the field of
view as those depicted 1n the first picture.

The parallel light rays and the further parallel light rays
may particularly differ in their wavelengths, they may addi-
tionally or alternatively also difler in their polarization. They
may also differ 1n the instance 1 time at which they are
applied to illuminate the field of view. For example, the light
rays and the further light rays may be mtermittently emitted
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by pulsed light sources, and the first, second and third
cameras may be synchronized with the pulsed light source
emitting the light rays, whereas the fourth camera 1s syn-
chronized with the further pulsed light source emitting the
further light rays. I1 the pulse rate 1s high as compared to the
characteristic time scale at which the mirrors move 1n the
field of view, the fourth picture may still sufliciently be taken
at the same point 1n time as the first, second and third picture,
because the fourth picture will then still show the mirrors in
essentially the same positions as 1n the first picture.

In the method of the present invention, the objective, and,
il provided, the further objective, may each comprise one or
more lenses. They may alternatively or additionally also
comprise mirrors, particularly at least one concave mirror.
Such a concave mirror may be arranged close to the field of
view to provide an objective of a particularly high effective
aperture collecting light rays reflected into a large range of
solid angles.

The apparatus according to the present mmvention for
optically determining positions and orientations of a plural-
ity ol mirrors according to the method of the present
invention comprises an objective having a field of view, a
first camera arranged in an 1mage plane onto which the
objective images the field of view, a second camera arranged
in a focal plane of the objective, and a third camera arranged
in an intermediate plane located at distances to both the
image plane and the focal plane of the objective.

This optical arrangement may be supplemented by any
light source i1lluminating the field of view with parallel light
rays. A 3D-variant of the apparatus of the present invention
additionally comprises a further light source 1lluminating the
field of view with further parallel light rays, the further
parallel light rays coming out of another direction than the
parallel light rays and being distinguishable from the parallel
light rays, a blocking device blocking the reflected further
parallel light rays from the first, second and third cameras,
a second objective imaging the field of view onto a fourth
camera arranged 1n an 1image plane of the further objective,
1.e. 1n a plane onto which the further objective images the
field of view, and a further blocking device blocking the
reflected parallel light rays from the fourth camera.

In the 3D-variant of the apparatus of the present imnven-
tion, the solid angles between the parallel light rays and an
optical axis of the objective and between the further parallel
light rays and an optical axis of the further objective should
be adjusted 1n such a way that any mirror 1n the field of view
which reflects parallel light rays from the light source into
the objective reflects further parallel light rays from the
turther light source 1nto the second objective.

A synchronization device will typically be provided for
synchronizing all cameras so that they take pictures at the
same points 1n time, 1.e. pictures depicting the mirrors in the
field of view 1n same positions and orientations. Such a
synchronization device will particularly be used i1 all cam-
eras are repeatedly taking pictures of mirrors moving within
or through the field of view. In this case, each set of pictures
taken by the various cameras should essentially be taken
simultaneously.

The objective, and, if provided, the further objective, may
include a concave mirror.

The term “camera” so far as used here 1 defining the
present mnvention essentially means an 1mage sensor or a
two-dimensional light sensor array, like for example a CCD
or CMOS chip. This image sensor will be arranged in the
respective plane mdicated for the respective camera.

Even 1f not mentioned here, half transparent mirrors will
typically be arranged both between the second and the third
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and between the third and the first camera so that the
reflected light rays may in part proceed up to all cameras
arranged along the optical axis of the objective.

Both the relation between the position of a mirror 1n the
field of view and the position of its image 1n the picture taken
with the first or fourth camera, and the relation between the
orientation of the mirror and the position of the light spot 1n
the third picture due to the parallel light rays retlected by the
mirror may be determined by placing one or more mirrors
with known positions and orientations into the field of view
and/or by changing the positions and/or orientations of these
mirrors in a defined way. In other words, using such mirrors
of known positions and/or orientations, the camera of the
apparatus of to the present imnvention may be calibrated.

Now referring in greater detail to the drawings, FIG. 1
shows an apparatus for optically determining the positions
and orientations of mirrors 1 to 4 located 1n a field of view
5 of an objective 6. The objective 6 1s represented by a single
lens 7 here. It may, however, comprise more than one lens
and 1t may also include curved mirrors, not depicted here.
The mirrors 1 to 3 in the field of view are parts of a mirror
array 8 arranged in the field of view 5 to calibrate the
apparatus depicted in FIG. 1. These mirrors 1 to 3 have
known positions and orientations, their orientations being
indicated by their normal vectors 11, 12 and 13 here. The
mirror 4 1n the field of view 5 may be integrated 1n a probing,
particle 9 which may be used to trace a fluid flow within or
through the field of view 5, for example. Alternatively, the
mirror 4 may be attached to a surface (not depicted here) for
tracing deformations of the surface 1n the field of view. The
mirrors 1 to 4 1n the field of view § are 1lluminated by a light
source 10 providing parallel light rays 15. The parallel light
rays 15 incident on the mirrors 1 to 4 are reflected by the
mirrors 1 to 4. If the onentations of the mirrors 1 to 4 are
within a certain range, the retlected light rays 16 get into the
objective 6, 1.¢. 1nto 1ts aperture not separately indicated
here. The reflected light rays 16 are detected by three
different cameras 17 to 19 arranged along the optical axis 20
of the objective 6. The camera 19, which 1n this description
1s also referred to as the first camera although 1t may, as
depicted 1n FIG. 1, be the camera farthest away from the
field of view 3, 1s arranged 1n an 1mage plane 21 onto which
the objective 6 1mages the field of view 5. The camera 17,
which 1s also referred to as the second camera here although
it may, as depicted 1n FIG. 1, be the camera closest to the
objective 6, 1s arranged in a focal plane 22 of the objective
6. The camera 18, also referred to as the third camera here,
1s arranged 1n an intermediate plane 23 at distances to both
the 1image plane 21 and the focal plane 22. Here, in the
embodiment depicted 1n FIG. 1 the intermediate plane 23 1s
located between the image plane 21 and the focal plane 22.
It may, however also be located 1n front of the camera 17 or
behind the camera 19, where optically equivalent locations
exist. The light rays 16 reflected by each of the mirrors 1 to
4 are still parallel light rays, and they will be focused by the
objective 6 1nto a single light spot within the focal plane 22.
The position of this light spot will only be dependent on the
direction of the retlected light rays 16, 1.e. on the orientation
of the respective mirror 1 to 4. The light spot 24 1s the light
spot formed by the light rays 16 reflected by the mirror 4 and
depicted with a dashed line, and indicates the orientation of
the mirror 4. A light spot 25 1n the image plane 21 due to the
same light rays 16 reflected by the mirror 4 indicates the
position ol the mirror 4 1n the field of view. Whereas the
position ol the light spot 24 in the focal plane 22 1s only
dependent on the orientation of the mirror 4 but not on 1ts
position 1n the field of view 3, the light spot 25 in the image
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plane 1s only dependent on the position of the mirror 4 1n the
field of view 5 but not on 1ts orientation. As the orientation
and the position of the mirror 4 are independent character-
1stics of the mirror 4, pictures taken with the cameras 17 and
19 are not correlated and do not allow to determine which
light spot 24 belongs to which light spot 25, particularly 1f
there 1s a plurality of mirrors 4 included 1n probing particles
9 in the field of view 3. In a picture taken with the third
camera 18, however, the position of a light spot 26 formed
by the light rays 16 retlected by the mirror 4, however, 1s
both dependent on the orientation and the position of the
mirror 4 1n the field of view 5. Thus, even with a large
number of mirrors 4 1n the field of view 5, this picture may
be both correlated to the picture taken with the camera 17
and the picture taken with the camera 19 1n such a way that
it can be told which light spot 26 belongs to which light spot
24 and to which light spot 25. The result of this determina-
tion 1s the desired knowledge of which light spot 24 belongs
to which light spot 235, 1.e. which orientation belongs to
which mirror at which position. The apparatus depicted in
FIG. 1 1s particularly suited for tracking the motion of one
or more probing particles 9 both 1n translational and rota-
tional directions. To this end, the cameras 17 to 19 are used
to take sets of pictures at consecutive points in time. The
pictures of each set of pictures taken with the cameras 17 to
19 are 1n each case essentially taken at one point 1n time so
that they depict the mirrors 1 to 4 1n the same positions and
orientations within the field of view 5. Between consecutive
pictures taken with each camera, the movement of the
particles 9 within the field of view 5 may be tracked, and this
tracking may be based on information from all pictures
taken. This means that the tracking should result in consis-
tent tracks for each probing particle 9 both 1n translational
and rotational directions. For completely calibrating the
apparatus depicted in FIG. 1, the mirror array 8 may be
placed at different positions within the field of view 5 and
tilted to different angles so that the normal vectors 13 of the
mirrors 1 to 3 point 1n different known directions.
Whereas the apparatus depicted 1n FIG. 1 1s only suitable
for determining the 2D-position of the mirrors 1 to 4 in the
field of view 3, FIG. 2 depicts an apparatus allowing for
determination of the 3D-position of mirrors 4 in the field of
view 5. The mirrors 4 depicted in FIG. 2 are once again
embedded 1n probing particles 9. The field of view 5 1s
illuminated by the light source 10 with the parallel light
beams 15 and by a further light source 27 with further
parallel light rays 28. The further parallel light rays 28 are
distinguishable from the light rays 135, for example by their
wavelength, 1.e. color. The objective 6 1s only used to
register the reflected light rays 16, which are the light rays
15 reflected by the mirrors 4 1n the field of view 5. A color
filter 29 arranged between the lenses 7 of the objective,
blocks retlected light rays 30, which are the light rays 28
reflected by the mirrors 4 1n the field of view 5 and thus have
the same wavelength as the light rays 28. Despite the fact
that the objective 6 1s depicted with two lenses 7 here, and
its aperture 31 as well as half transparent mirrors 32 and 33
between the cameras 17 to 19 are indicated, the optical setup
of the objective 6 and the cameras 17 to 19 corresponds to
FIG. 1, 1.e. camera 17 1s arranged 1n the focal plane of the
objective 6, camera 19 1s arranged 1n the 1image plane of the
objective 6 and camera 18 1s arranged 1n an intermediate
plane. The further reflected light rays 30 are registered with
a Turther objective 34 whose optical axis 35 points towards
the field of view 5 1n another direction than the optical axis
20 of the objective 6. A fourth camera 36 1s arranged 1n an
image plane onto which the objective 34, only depicted by
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single lens 37 here, images the field of view 5. A color filter
38 blocks the wavelength of the parallel rays 15 and the
reflected rays 16 so that the camera 36 only registers the
reflected light rays 30. These light rays 30 will be the light
rays 28 reflected by the same mirrors 4 in the field of view
5 whose positions are also determined with the camera 19,
il the effective apertures of both objectives 6 and 34 are
equal and the solid angles between the parallel light rays 135
and the optical axis 20, on the one hand, and between the
turther light rays 28 and the optical axis 33, on the other
hand, are adjusted in an appropriate way. The apparatus
according to FIG. 2 1s a stereographical setup for determin-
ing the positions of the mirrors 4 1n the field of view S with
the cameras 19 and 36 adapted to the fact that the objects
whose 3D-positions are to be determined are mirrors 1llu-
minated with parallel light rays.

FIG. 3 depicts an apparatus according to the present
invention itegrated 1n an experimental setup for examining
a Taylor Couette flow between concentric cylinders 39 and
40. The outer cylinder 40 1s stationary, whereas the 1ner
cylinder 39 rotates as indicated by an rotating arrow 41.
Above a certain rotation velocity of the inner cylinder 39 a
fluid tlow of a flmid 42 placed between the cylinders 39 and
40 transits to a Taylor vortex flow. For examining the motion
of small volumes of this fluid flow both in translational and
rotational directions, the rotational directions corresponding,
to the vorticity of the fluid flow, the field of view 5 1s
illuminated by the light source 10 with the bundle of parallel
light rays 13. The light source 10 1s located outside a box 43
with transparent walls 44 including a glycerol solution 45.
The cylinders 39 and 40, and a concave mirror 46 forming
the objective 6 or being at least part of the objective 6 here
are submerged 1n the glycerol solution to minimize light
scattering on the curved cylinder surface. The concave
mirror 46 1s designed and arranged close to the field of view
to cover a large solid angle 47 into which the parallel light
rays 25 may be retlected so that they are registered by the
camera setup 48. This camera setup 48 corresponds to the
setup of the cameras 17 to 19 according to FIG. 1 or 2. The
camera setup 48 and the light source 10 are arranged outside
the box 43.

Many variations and modifications may be made to the
described embodiment of the mvention without departing
substantially from the spirit and principles of the invention.
All such modifications and variations are intended to be
included herein within the scope of the present invention, as
defined by the following claims.

We claim:

1. A method of optically determining positions and ori-
entations of a plurality of mirrors 1n a field of view of an
objective, the method comprising:

illuminating the field of view with parallel light rays;

arranging a first camera 1n an image plane onto which the

objective 1mages the field of view;

arranging a second camera 1n a focal plane of the objec-

tive;
taking a first picture with the first camera and a second
picture with the second camera at a same point 1n time;

arranging a third camera 1n an itermediate plane located
at distances to both the image plane and the focal plane
of the objectives;

taking a third picture with the third camera at the same

point 1n time as the first and second pictures are taken
with the first and second cameras;

determining the positions of the mirrors 1n the field of

view from positions of light spots 1n the first picture;

10

15

20

25

30

35

40

45

50

55

60

65

10

determiming the orientations of the mirrors in the field of
view from positions of light spots in the second picture;
and

determiming which of the orientations belongs to which of
the positions of the mirrors 1n the field of view by
correlating positions of light spots 1n the third picture

with both the light spots 1n the first picture and the light
spots 1n the second picture.

2. The method of claim 1, further comprising

repeatedly taking the first, second and third pictures at
subsequent points 1n time, and

tracking changes 1n positions and orientations of indi-
vidual mirrors 1n the field of view.

3. The method of claim 1, wherein the mirrors are tracing,

a fluid flow within or passing through the field of view.

4. The method of claim 3, further comprising

embedding the mirrors 1n particles; and

seeding the fluid flow with the particles.

5. The method of claam 4, wherein the particles are
spheres having a diameter of at least 10 um.

6. The method of claim 4, wherein the particles are
spheres having a diameter 1n a range from 20 to 70 um.

7. The method of claim 1, wherein the mirrors are tracing,
deformations of a surface or inside a transparent body 1n the
field of view.

8. The method of claim 7, further comprising attaching the
mirrors to the surface or embedding them in the transparent
body.

9. The method of claim 1, further comprising

illuminating the field of view with further parallel light
rays, the further parallel light rays coming out of
another direction than the parallel light rays and being
distinguishable from the parallel light rays;

blocking reflected further parallel light rays from the first,
second and third cameras;

imaging the field of view with a further objective onto a
fourth camera arranged 1n an 1mage plane of the further
objective;

blocking reflected parallel rays from the fourth camera;
and

taking a fourth picture with the fourth camera at the same
point 1n time as the first, second and third pictures are
taken with the first, second and third cameras.

10. The method of claim 9, further comprising determin-
ing three dimensional positions of the mirrors in the field of
view from positions of light spots in the first and fourth
pictures.

11. The method of claim 1, further comprising including
a concave mirror 1n the objective.

12. An apparatus for optically determining positions and
orientations of a plurality of mirrors, the apparatus compris-
12,

an objective having a field of view;

a first camera arranged 1n an 1mage plane onto which the
objective 1mages the field of view;

a second camera arranged 1n a focal plane of the objective;

a third camera arranged 1n an itermediate plane located
at distances to both the image plane and the focal plane
of the objective;

a light source illuminating the field of view with parallel
light rays;

a Turther light source 1lluminating the field of view with
turther parallel light rays, the further parallel light rays
coming out ol another direction than the parallel light
rays and being distinguishable from the parallel light
rays;
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a blocking device blocking reflected further parallel light
rays from the first, second and third cameras;

a second objective imaging the field of view onto a fourth
camera arranged i an i1mage plane of the further
objective; and 5

a further blocking device blocking reflected parallel light
rays from the fourth camera.

13. The apparatus of claim 12, wherein solid angles
between the parallel light rays and an optical axis of the
objective and between the further parallel light rays and an 10
optical axis of the further objective are adjusted 1n such a
way that any mirror in the field of view which retlects
parallel light rays from the light source into the objective
reflects further parallel light rays from the further light
source 1nto the second objective. 15

14. The apparatus of claim 12, wherein the objective
includes a concave mirror.

Gx e * % s
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